Abstract: Standard thermodynamic treatments of molecular systems, defined in terms of average properties, require two definitions of equilibrium but cannot explain fully the behaviour of molecular systems where the equilibrium properties are determined by the distribution of molecular energies. They have no explanation for the initiation, propagation and termination of reactions. The treatment proposed here addresses these problems for ideal gas reactions. It shows that the standard explanation, that the kinetic energies of molecular collisions are the sole causes of reactions, is incorrect. It is based on the average properties from the MBD (Maxwell Boltzmann distribution) and its standard deviation, σ. It states the principle that explains why two definitions of equilibrium are needed. It provides criteria for the propagation of a reaction, and shows how the mole fraction of reactants needed for propagation, y ign , can be calculated from the heat capacities of the components. The best heat capacity correlations, due to Harmens, were used to calculate value of y ign . The energies of the molecules needed to propagate reactions are calculated from the CDF (cumulative distribution function) of the MBD. An alternative method, producing very similar values, is discussed in the following paper. Once the values of y ign are known, the molecular kinetic energies at the ignition temperature can be calculated from the MBD and its CDF. Calculations for four ideal gases show the molecular kinetic energies are much too small, compared to the bond energies, to explain propagation of reactions for four ideal gas mixtures. A proposed explanation, involving excited electronic states also explains why mixtures have ignition temperatures. Correlations for the heat capacities of the reactants which include contributions from electrons in excited states, are needed to establish this.
Introduction


The definition of thermodynamic equilibrium has always been a problem. Traditionally two definitions of equilibrium, thermodynamic controlled and kinetic controlled, are needed as no single definition applies to all types of equilibrium.
The author has given the first single definition that includes both thermodynamic and kinetic controlled equilibriums [1, 2] and applies to all types of equilibrium. Though it accounts for the effect of the surroundings on an equilibrium state, it still lacks criteria needed to determine which thermodynamic or kinetic controlled equilibrium will apply at the conditions of a molecular system. The analysis here demonstrates that for the reactions of ideal gas mixtures, the regions where thermodynamic controlled equilibrium applies and where kinetic controlled equilibrium applies are defined by knowledge of the heats of reaction, the ignition temperature and the flammability limits. It provides the first method for calculating the activation energies, and addresses the questions of initiation, propagation and termination of reactions.
The analysis requires quantitative knowledge of the distribution of kinetic energies of ideal molecules in the MBD (Maxwell Boltzmann distribution). How this is obtained, from the cumulative probability function of the MDB, is discussed below.
Existing treatments are based solely on the thermodynamic properties of molecular systems and accept, without explanation, the need for two definitions of thermodynamic equilibrium. The problems with existing treatments of equilibrium are discussed initially and identify where additional information is essential for complete explanations of the equilibriums of molecular reactions. The discussion introduces the principle which explains why two definitions of equilibrium are required and lead to criteria for the propagation of these reactions.
Problems with the Definition of Thermodynamic Equilibrium
Standard definitions of thermodynamic equilibrium are based solely on equilibrium data that cannot, a priori, define whether thermodynamic or kinetic controlled equilibrium will apply at a given set of conditions of temperature, pressure and composition. Because they contain no information about the distributions of molecular energies they cannot predict the effects caused by those distributions.
They contain no information as to whether a molecular system will or will not reach equilibrium. Data for mixtures of combustible gases and air are well suited for examining these issues because they are the only systems of molecules for which the regions of thermodynamic and kinetic controlled equilibrium are defined.
Kinetic controlled equilibrium is determined by the distribution of molecular energies and is applied to molecular systems where reactions do not take place. This requires predicting equilibrium without specifying the factors that control it. Neither the initiation, propagation and termination of a reaction nor the transition to thermodynamic control can be discussed. The approach developed in the next section overcomes these problems because it is based on both the thermodynamic properties and the standard deviation of the MBD, σ, which describes the distribution of energies.
Requirements for a Complete Description of Thermodynamic Equilibrium
The new definition of thermodynamic equilibrium given in Ref. [1] is:
A molecular system is at equilibrium when the molecules have an MBD, the Gibbs function is a minimum, the system has constant values of temperature, pressure and composition and there are mechanisms for reaching and maintaining that state.
All molecular systems at constant temperature and pressure reach the state defined above unless energy barriers prevent it.
This definition implies that to fully define an equilibrium, the mechanism must be defined. It is a consequence of the fundamental principle of thermodynamics which is: The only changes that can occur to a system of molecules are those for which there is a mechanism for that change to occur.
A corollary is that any mechanism for exchanging energies between molecules or other particles will determine what equilibrium states can be reached for a range of conditions. These statements explain why two definitions of equilibrium are required for molecular systems. Molecules have two mechanisms for exchanging energies via elastic kinetic collisions or the transfer or sharing of electrons in bonds. Consequently, two definitions of equilibrium are needed for those regions where one or other of the mechanisms enables changes to occur. Similarly, each additional means of exchanging energies requires another definition of equilibrium for those conditions where that means of changing energies is accessible to the system. The above definition includes both types of equilibrium but does not indicate which type is applied at given conditions. Nor does it address transitions between types of equilibrium because it cannot discuss the initiation propagation or its termination of a reaction.
To address these issues requires a model for molecular mechanisms that are the means by which molecular systems change between equilibrium states. The authors [1, 2] proposed a general model for all changes in equilibrium states. Molecular systems, changing from one equilibrium state with an MBD to another state, require molecules to re-arrange their energies to the new MBD. Changes occur when molecules overcome energy barriers arising from intermolecular interactions and intra-molecular energy barriers within molecules. When, at the conditions of a molecular system, enough molecules have high enough energies that exceed the inhibiting barriers, the change occurs. With insufficient number of molecules with appropriate energies, the change does not happen.
For ideal gas systems that react, the only energy barriers are the activation energy barriers, produced by mutual repulsion of electrons, which must be overcome for the reaction to occur.
Treatment solely based on equilibrium properties cannot address these issues as they contain no information on the molecular energy distribution that determines the initiation, propagation and termination of reactions. The treatment developed here is the first to be based on the both averages of molecular properties and the standard deviations, σ, of the MBD.
Statistical distributions are described by both the averages of the properties of the distribution and the standard deviations of those properties, σ. The averages of the MBD have long been used to calculate thermodynamic properties in chemistry. Chemical theories have hitherto tried to describe the behaviour of molecular solely using the average properties. The value of σ for the kinetic energies of the MBD, is (3/2) 0.5 kT for ideal gases. This is the key parameter for describing the distribution of molecular energies. The percentages of molecules with energies >nu a can be calculated in two ways. The first, direct evaluation of the CDF (cumulative distribution function) for the MBD for molecules for kinetic energies is discussed below. The other method [3] , which relates the MBD to the ND (Normal Distribution) and its cumulative distribution table, is discussed in the following paper.
The Energy Distribution for the Maxwell Boltzmann Distribution
Quantitative calculations of the energy distribution in the MBD require knowledge of the mole fraction x i with energies greater than a specific energy u i . The standard expression for the MBD is [4] : (1) where c is the velocity, m is the mass, the kinetic energy u is 0.5mc 2 , T is the temperature and k is Boltzmann's constant and 4 / 2 .
(2) To obtain the mole fraction, x i , with u < u i this equation must be integrated between 0 and c i .
These integrals cannot be solved analytically. They are accurately evaluated numerically by summing the expression for x i in Eq. (1) using an appropriate grid spacing for the values of c. CFD tables for the ND are produced from the error function in the same way.
Choosing grids points that include the most probable velocity, c 0 , is essential for maximum accuracy. c 0 for Hydrogen has a value of 2(kT/π) 0.5 . A spacing of 0.05c 0 and 60 intervals leads to an accuracy correct to 1:20,000 for the total integral for Hydrogen. Integrals for the values of c i listed in Table 1 readily generated by these procedures but only values 1.8 < u/u a < 4.0 are needed for calculating activation energies. The number of molecules for u > 4.0u a is always too small to satisfy the criteria for propagation of the reaction which is discussed below.
In the results reported here the CDF for each substance was obtained directly by numerical integration. How this process can be generalised is discussed in the following paper.
Criteria for the Propagation of a Reaction
It remains to identify what percentage of molecules enables a reaction to proceed. This is done using experimental data for the reactions of ideal gases. At the ignition temperature of a gas, T ign [3] , there are always enough molecules with enough energy for the reaction to proceed because, at T ign , the equilibrium is thermodynamic controlled.
The reaction is kinetic controlled for T < T ign . Initiating the reaction below T ign requires an input of energy to heat a small part of the mixture to T ign , where the molecules react, releasing heat, which heats molecules in adjacent parts of the mixture. To sustain the reaction, this heat must be sufficient for an equal number of reactant molecules in the mixture to attain the T ign and propagate the reaction.
The flammability limit [6] is the limit of composition at which the heat released from the reaction is insufficient for the reacting mixture to attain T ign and the reaction ceases. Once ignition occurs, combustion continues until the mixture reaches the flammability limit when it ceases.
These considerations lead to the following conditions for reacting mixtures using the reaction of hydrogen and oxygen in air as an example. For simplicity air is taken to be 80% nitrogen and 20% oxygen. The mole fractions of the components of the mixture are denoted by x i where i is H 2 , O 2 or N 2 . The heat of reaction is ∆H at standard conditions.
For the mixture to reach T ign , the heat released by the reaction of the mole fraction of hydrogen, y ign , leads to the following equations: Δ
the x values are the mole fractions, C p is the heat capacity at constant pressure, T 0 is 25 °C and the subscripts identify the components. Alternatively, this equation written in terms of the enthalpies of the components is:
∆H R is the heat of reaction and the ∆H x values are the enthalpy differences between T ign and T 0 for each component.
Harmens [5] has provided expressions which represent the best theoretical values within 0.05% for both C p and H. The expressions for H have been used in the calculations discussed below.
Applying Eq. (5) to a number of reactions leads to the values of the mole fractions of the fuel gases that ensure propagation of the reactions. This will occur for all mixtures richer in the fuel gas than the flammability limit. Results for four gases are discussed below.
Activation Energies of Ideal Gas Reactions
The mole fractions, defined as y ign in Eqs. (4) or (5), are the ignition mole fractions of the fuel gases which, when combusted successfully, heat an equal number of molecules in the mixture of fuel and air to T ign .
In practice a small volume with the same value of y ign is ignited and the reaction occurs in a small volume; the heat released heats up a further small volume of the gas which reacts in turn allowing the react to propagate. The limiting compositions at which combustion takes place are the flammability mole fraction, x f plus y ign ; when the mole fraction of the fuel of the reacting mixture is, x f the reaction ceases.
The values of y ign calculated in this way are shown for four gases in Table 2 at their flammability limits. The sums of the integrals in Eq. (1) depend on the compositions as do the values of y ign . Table 2 shows the calculated results for four combustible gases at their flammability limits. The kinetic energies for the fuel gases at T ign in column 6 of Table 2 are a major part of the collision energy that occurs in a reaction. The maximum collision energy that results is the sum of the kinetic energies of the individual molecules. The kinetic energies shown in Table 2 are sufficient for enough molecules to react and hence these energies are at least equal to the activation energy barriers.
Comparisons with the bond enthalpies in the fuel molecules are shown in Table 3 . The molar kinetic energies of the molecules lead to maximum molar collision energies. These collision energies are always < 20% of the bond enthalpies. By themselves, they could not cause the bonds to rupture.
Discussion
Standard explanations of reactions in terms of collisions between molecules leading to the breaking and making of bonds as a result of collisions will require revision to account for these comparisons. The kinetic energies of the collisions are clearly sufficient to overcome the activation energies, caused by mutual repulsion of the electrons in the reacting molecules, and enable reactions to occur, but they are too small to cause the rupture of bonds four times bigger.
Other interactions between the electrons for bonds in the reactants and the products must be involved. The following explanation explains why there is an T ign . The results in Table 3 show that at T ign the collision energies are much smaller than the bond energies yet there are always enough molecules with sufficient energy to sustain the reaction. One explanation is that reactions occur via electrons in excited states at the ignition temperature, which also provides a simple explanation of why T ign is well-defined. Without physical data to support it, this remains a conjecture.
The problem arises from Harmens's correlations which are for molecules in their ground states and exclude excited electronic states. Accurate calculations for activation energies require data for C p that includes the energy changes due to the excitation energies of electrons. Harmens's correlations modified to include effects of excited electrons would enable activation energies to be calculated rather than estimated.
Conclusions
Statistical distributions play a central role in the behaviour of molecular systems and in thermodynamic equilibrium. They determine the relationship of thermodynamic controlled and kinetic controlled equilibriums. Chemical theories describing molecular systems must include the effects of energy distributions as they play an essential role in all kinetic controlled equilibriums.
